Abstract A growing body of evidence suggests that excessive microglial activation and pesticide exposure may be linked to the etiology of PD; however, the mechanisms involved remain elusive. Emerging evidence indicates that intracellular inflammasome complex namely NLRP3 complex is involved in the recognition and execution of host inflammatory response. Thus, in the present study, we investigated the hypothesis that NLRP3 inflammasome activation is linked to rotenone (ROT)-induced microglial activation which is dependent upon a priming stimulus by a pathogen-associated molecular pattern (PAMP) or damage associated molecular pattern (DAMP), respectively. Herein using both BV2 cells and primary microglial cells, we show that LPS priming and s u b s e q u e n t R O T s t i m u l a t i o n e n h a n c e d N L R P 3 inflammasome activation, c-Abl and PKCδ activation, mitochondrial dysfunction, NF-κB activation, and autophagic markers, while TFEB levels were decreased dramatically. Mechanistic studies revealed c-Abl acts as a proximal signal that exacerbated the activation of the afore mentioned markers. Intriguingly, siRNA-mediated depletion or pharmacological inhibition of c-Abl via dasatinib abrogated LPS and ROT-induced microglial activation response via attenuation of NLRP3 inflammasome activation, mitochondrial oxidative stress, and ALS dysfunction. Moreover, mitoTEMPO, a mitochondrial antioxidant, attenuated NLRP3 inflammasome activation effects via blockade of cAbl and PKCδ activation. In LPS treated mice, dasatinib attenuated NLRP3 inflammasome activation, c-Abl and PKCδ activation; and sickness behavior. Together our findings identify an exaggerated ROS/c-Abl/NLRP3 signaling axis in the heightened microglial activation response evidenced in LPSprimed ROT-stimulated microglial cells and suggest that targeting c-Abl-regulated NLRP3 inflammasome signaling offers a novel therapeutic strategy for PD treatment.
Introduction
A characteristic feature of neurodegenerative disease is the proliferation of activated microglia a condition refered to as microgliosis. Microglia are the resident immune cells of the brain and plays a pivotal role in CNS development, maintenance, and disease. Most notably they mediate the clearance of toxic cellular debris and support tissue repair. However, protracted activation of microglia exerts deleterious effects on the brain such as neurodegenerative diseases (Tremblay et al. 2011) . In fact, analysis of postmortem PD brains revealed microglial activation markers, accumulation of proinflammatory cytokines and indices of oxidative stress (McGeer et al. 1988) . Activated microglia release a diverse array of toxic mediators including proinflammatory cytokines, nitric Electronic supplementary material The online version of this article (doi:10.1007/s11481-017-9746-5) contains supplementary material, which is available to authorized users. oxide and superoxide, which has been shown to play a critical role in the pathogenesis of neurodegererative disorders such as AD, prion disease and PD (Chao et al. 1995; Mosley et al. 2006; Tansey et al. 2007; Tansey and Goldberg 2010) . In fact, chronic inflammation has been implicated in the delayed and progressive dopaminergic neurodegeneration (Gao et al. 2002a, b; Qin et al. 2007; Gao et al. 2011 ). The factors released by activated microglia have been linked to neurodegenerative conditions (Gao et al. 2002b; Block et al. 2007 ). Therefore, there is an urgent need to understand the mechanism underlying persistent microglial activation and to develop novel pharmacological strategies that limits microglial activity during PD pathogenesis.
Rotenone (ROT) exposure has raised great concerns as a potential environmental risk factor for inflammation related neurodegenerative disorders. ROT inhibits complex I of the electron transport chain and promotes the generation of mitochondrial superoxide production during complex I substrates oxidation (Andreyev et al. 2005; Keeney et al. 2006) . Systemic ROT administration has been shown to induce Parkinsonian features in rats including selective dopaminergic neurodegeneration (Betarbet et al. 2000) . Moreover, Gao et al. demonstrated that the contribution of microglial cells may be indispensable for LPS and rotenone-induced synergistic neurotoxicity (Gao et al. 2002a, b; . Thus, ROT-induced degeneration of dopaminergic neurons may not be entirely dependent upon inhibition of neuronal mitochondrial complex I activity but may also involve the contribution of microglial cells (Gao et al. 2002a) . Taken together, the afore mentioned studies highlight the proinflammatory effects of ROT.
c-Abl is a 120 kDa protein that belongs to the cytoplasmic tyrosine kinase family. c-Abl has been shown to be activated via oxidative (Sun et al. 2000; Stuart et al. 2005) or genotoxic stress (Yuan et al. 1999) . Interestingly, c-Abl has also been implicated in the CNS development, including neurogenesis, neurite outgrowth, and neuronal plasticity . A growing body of evidence from several experimental model systems has also demonstrated that c-Abl is activated in neurodegenerative diseases including Alzheimer's disease (Cancino et al. 2008; Jing et al. 2009; Tremblay et al. 2010 ), Parkinson's disease (Ko et al. 2010; Imam et al. 2011; Mahul-Mellier et al. 2014) and synucleinopathies (Estrada et al. 2011) . In this context, c-Abl has been shown to promote tyrosine phosphorylation of parkin in the N-terminal domain, and STI-571, a c-Abl kinase inhibitor has been shown to inhibit tyrosine phosphorylation thereby maintaining in a catalytically active and protective state (Ko et al. 2010) .
The inflammasomes are multiprotein signaling platforms that are assembled following exposure to pathogen-associated and damage associated molecular pattern molecules (PAMP and DAMP, respectively) and environmental stimuli (Rubartelli 2014) . Presently, inflammasomes are placed under two families namely the nucleotide oligomerization domain (NOD)-like receptor (NLR) family and the pyrin and HIN200 (hematopoietic interferon-inducible nuclear antigens with 200 amino-acid repeats) domain containing protein (PYHIN) family. The NLR family comprises NLRP1, NLRP2, NLRP3, NLRP6, NLRC4 and NLRP12. The PYHIN family includes absent in melanoma 2 (AIM2) and γ-interferon-inducible protein (IFI16) (reviewed in (Benetti et al. 2013) ). The NLRP3 inflammasome is the most characterized member of the NLR family. The NLRP3 inflammasome complex includes a specific member of the NOD-like receptor protein (NLRP) subfamily, apoptosisassociated speck like protein containing a CARD-an adapter protein, and procaspase-1 (Stehlik et al. 2003; Ippagunta et al. 2010) . The inflammosome and its associated components are an integral part of the body's immune system, where they participate in the defense against invading pathogens. The NLRP3 inflammosome is tightly controlled and has been shown to require two distinct steps. First, under basal conditions the pro-form of IL-1β and NLRP3 proteins are expressed at very low levels, therefore a priming step is essential to induce their transcription (Jha et al. 2010; Ozaki et al. 2015) . This is mediated via the activation of Toll like receptors or NOD2 to initiate the NF-κB signaling cascade leading to the transcription of NLRP3 and prointerleukin-1β (pro-IL-1β) (Sutterwala et al. 2014 ); this step is termed as 'priming'. Second, upon priming, the activating stimuli originating from pathogens or the host induce the assembly of NLRP3 inflammasome components and subsequent caspase-1 mediated proteolytic processing of pro-IL-1β and pro-IL-18 into mature peptides, which is eventually released into the extracellular milieu to elicit the downstream effects (van de Veerdonk et al. 2011; Kim et al. 2016) . Thus, NLRs serves as a nexus between disturbance in cellular homeostasis and the generation of proinflammatory cytokines (Martinon et al. 2009; Latz 2010; Khare et al. 2012) , providing further impetus for studying the role of this receptor in neurodegenerative diseases.
There are a plethora of studies that demonstrates NLRP3 activation in bone-marrow derived macrophages and dendritic cells (Burm et al. 2015) ; however, only scant evidence are available regarding the mechanisms regulating the priming and activation of NLRP3 inflammasome in the microglia (Gustin et al. 2015) . In the present study, we investigated the inflammatory mechanisms involved in ROT-stimulated LPSprimed microglia using BV2 microglial cell line and mouse primary microglia. We show that LPS priming in rotenonestimulated cells amplifies the microglial activation response via the ROS/c-Abl/NLRP3 signaling axis. Our data provide further mechanistic insight into the anti-inflammatory effects of dasatinib indicating that targeting oxidative stress-induced c-Abl activation in the microglia may serve as a novel pathway for limiting persistent microglial activation evidenced in numerous inflammation associated neurodegenerative diseases including PD.
Material and Methods
Chemicals and Reagents Cell culture supplies including DMEM/F-12 media, RPMI 1640 media, penicillin/streptomycin, L-glutamine, fetal bovine serum (FBS), CM-H 2 DCFDA dye and MitoSox® dye were purchased from Invitrogen. Rotenone, mouse anti-β actin antibody, mitoTEMPO, disuccinimidyl suberate (DSS), BSA lyophilized powder and acridine orange (AO) were purchased from Sigma-Aldrich. Lipopolysaccharide (E. coli O111:B4) (LPS) and c-Abl antibody were purchased from EMD Millipore. Dasatinib (DAS), p-c-Abl (pY412), PKCδ, p-PKCδ (pY311), phospho-IκBα, iNOS, ASC, TOM20, lamin B, tubulin and p65 antibodies were purchased from Santa Cruz Biotechnology. Beclin1, NLRP3, caspase-1, LC3B, p-c-Abl (pY245), IL-1β and IL-18 antibodies were purchased from Cell Signaling Technology. TFEB antibody was Bethyl laboratories, Inc. Caspase 1 (p10) antibody was purchased from Adipogen. The mouse IL-1β and IL-18 ELISA kits from eBiosciences.
Cell Culture and Treatment Immortalized mouse microglial BV2 cell line were cultured and maintained at 37°C in RPMI 1640 medium containing 10% heat inactivated (HI) FBS, 2 mM L-glutamine, 100 mg/ml penicillin and 100 mg/ml streptomycin. Cells were first primed with 1 μg/ml LPS for 3 h, media was replaced and cells were subsequently stimulated with followed by treatment with rotenone at concentrations of 0.1, 0.25 or 0.5 μM. Cells were pretreated with 100 nM DAS for 1 h before exposing them to LPS and ROT. Post treatment, BV2 cells were either collected for mRNA extraction or for protein analysis by qRT-PCR or western blotting, respectively.
Primary Microglial Culture Primary mixed glia were was prepared from postnatal (P1) mouse pups as described earlier (Gordon et al. 2011) . In brief, brains were isolated from pups, meninges were carefully removed, and then immediately placed in DMEM/F-12 medium (containing 10% HI-FBS, 2 mM L-glutamine, 100 mg/ml penicillin, 100 mg/ml streptomycin and 2 mM sodium pyruvate). The brains were triturated to make a single cell suspension. The cells were then plated in flask for 2 weeks at 37°C. Microglia were separated from this mixed glial cell culture using either shake off method or via magnetic separation kit (EasyStep™ Mouse Cd11b positive selection kit) from Stem Cell Technologies (Gordon et al. 2011) .
siRNA Transfection Transfection of BV2 microglial cells and primary microglia was performed using Amaxa Nucleofector Kit (Lonza). Briefly, 3X10 6 BV2 cells were suspended in 100 μl transfection buffer containing 400 μM ATP-disodium, 600 μM magnesium chloride, 100 μM potassium hypophosphate, 20 μM sodium bicarbonate and 5 μM glucose. The 1.5 nM of c-Abl siRNA (ThermoFisher, CAT # 162296) or control siRNA (Santa Cruz Biotechnology, CAT# sc-37007) were added to the transfection mix. The cells were then transfected by electroporation using A-23 program of Lonza Nucleofector™ 2b devise. Detailed protocol can be found in our previous publication (Panicker et al. 2015) . Post transfection, the cells were incubated for 48 h followed by various treatment.
Animal Study Six to eight weeks old C57bl/6 mice were obtained from Charles River and housed under standard conditions at 22 ± 1°C and 30% relative humidity with 12 h light cycle as per IACUC protocol. Mice were randomly assigned in four different groups. DAS (25 mg/kg/day) was administered orally for 30 days prior to LPS treatment. The wellcharacterized acute LPS neuroinflammation model for PD was used for this study (Qin et al. 2007 ). Mice were injected intraperitoneally with either saline or LPS (5 mg/kg). Six hours post treatment, the mice were subjected to VersaMax open field study and rotarod performance test (Ghosh et al. 2013; Gordon et al. 2016 ) for behavior analysis. After behavior tests, animals were euthanized and brain tissues from substantia nigra region were collected and stored at −80°C.
ROS, NO and MitoSox Assays
The cells were plated in 96-wellplate and primed with LPS for 3 h. The primed cells were further stimulated with ROT for various time points. Post treatment, the media was removed and the cells incubated with redox sensitive 1 μM CM-H 2 DCFDA dye for 1 h. Following incubation, the supernatant containing unabsorbed dye was aspirated out. The cells were washed with PBS twice and the change in fluorescent intensity as indicator of ROS generation, was carried out by using fluorescence microplate reader with excitation and emission wavelength of 488 nm and 525 nm, respectively. For nitric oxide (NO) assay, the cells supernatant media was collected post treatment completion and nitrite levels were determined spectrophotometrically using Griess' reagent as per the manufacturer protocol. To analyze the generation of mitochondrial superoxide, post treatment cells were incubated with 5 μM MitoSOX dye for 20 min, followed by two washings with HBSS buffer. Change in mitochondrial superoxide generation was quantified using fluorescence microplate reader with excitation and emission wavelengths of 510 nm and 580 nm, respectively.
Mitochondrial Membrane Potential The mitochondrial membrane integrity was measured using a lipophilic JC-1 dye (Invitrogen) as described by Ghosh et al. (Ghosh et al. 2010) . In brief, post-treatment cells were exposed to JC-1 (2 μg/ml) dye. After 30 min incubation, cells were washed with PBS and analysis was performed by measuring red fluorescence excitation at 590 nm over 600 nm emission and green fluorescence excitation at 485 nm over 535 nm emission. JC-1 dye accumulated within healthy mitochondria forming red aggregates however, the dye stays as green monomer in non-healthy cells. The ratio of RED:GREEN represents change in mitochondrial membrane potential.
MTS Cell Viability Assay
The BV2 cells were plated in 96-wellplate at the seeding density of 10,000/well. Cells were treated with varying concentration (0.1-0.5 μM) of ROT (6, 12 or 24 h) with or without LPS (1 μg/ml, 3 h) priming and cell viability was assessed as described by Jin et al. 2014 . In brief, post treatment cells were exposed to Cell Titer 96® AQueous One Solution Cell Proliferation (MTS) Assay kit from Promega. After 45 min (37°C) incubation with 10 μl MTS dye the formazan crystals were dissolved with 25 μl of dimethyl sulfoxide (Sigma-Aldrich), the change in color was measured spectrophotometrically at 490 nm, values were plotted at % of control and were plotted as bar graph.
qRT-PCR RNA extraction from microglial cells were performed using Trizol® Reagent as described (Seo et al. 2014) . RNA was converted into cDNA using AffinityScript qPCR cDNA synthesis system (Agilent Technology) following the standard kit protocol. The RT 2 SYBR Green Master Mix and pre-validated primers were obtained from SA Biosciences and were used for Quantitative PCR assays. Mouse 18 s was used as housekeeping gene for internal normalization. The ΔΔC t method was used to determine the fold change in gene expression, using threshold cycle (C t ) value of the housekeeping gene and respective target gene.
Western Blotting The whole cell lysates were prepared using modified RIPA buffer as described previously (Panicker et al. 2015) . To analyze the intracellular translocation, nuclear and cytosolic fractions were collected using NE/PER kit (Thermo Fisher). Protein amount was estimated using Bradford reagent and equal amount of protein was resolved on a 7.5-15% SDS-polyacrylamide gel. Resolved protein were transferred to nitrocellulose membrane and membranes were blocked for 1 h by incubating with Rockland blocking buffer, followed by incubation with specific primary antibody overnight at 4°C. Membranes were washed and incubated with specific fluorescent labelled secondary antibody. The membrane containing antibody-bound protein was scanned using Odyssey IR Imaging System (LI-COR) and data were analyzed using Odyssey 2.0 software.
Immunoblotting of Media Supernatant After treatment, cell supernatants were collected and were concentrated using TCA method as explained by Chakrabarti et al. (Chakrabarti et al. 2015) . Briefly, 72 μl of 100% (w/v) tricholoroacetic acid (Sigma-Aldrich) and 30 μl of 5% (w/v) sodium cholate Fig. 1 Rotenone treatment induces NLRP3 inflammosome machinery in LPS primed microglia. (a) Effect of Rotenone on cell viability. BV2 microglial cells were either untreated or treated with LPS (1 μg/ml) for 3 h and subsequently stimulated with the indicated concentrations rotenone or rotenone alone for 6, 12 and 24 h. Cell viability was determined by MTS assay. Cell survival was represented as percent of control. The data represent mean ± S.E.M. of three independent experiments, N = 8. *p < 0.05, **p < 0.01, ***p < 0.001 and **** p < 0.0001 compared with control. (b-d) BV2 cells were primed with LPS followed by stimulation with different concentrations of ROT or ROT alone for 6 h. At the end of the treatment period the whole cell lysates were collected and immunoblotted for (b) NLRP3, (c) caspase-1 (pro and cleaved), (d) . A concentration dependent increase in NLRP3 related markers were evidenced in LPS and ROT stimulated cells. The data represented as mean ± S.E.M. of at least three replicates. *p < 0.05 and **p < 0.01 is compared with control group and # p < 0.05 and # # p < 0.01 represents significance between dose-matched ROT and LPS-primed ROT treated group. (e) BV2 microglial cells were primed with LPS (1 μg/ml) for 3 h followed by stimulation with 0.5 μM ROT or ROT alone for the indicated time period. At the end of the indicated times whole cell lysates or media supernatants (sup.) were collected and as indicated were immunoblotted for NLRP3, caspase-1 (pro and cleaved), IL-1β (cleaved), and β actin. Densitometric scanning analysis reveals enhancement in NLRP3 marker levels in LPS primed ROT stimulated cells at 6 h. Data presented as mean ± S.E.M. The blots are representative of at least three independent experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 compared with control cells, whereas # p < 0.05 and # # p < 0.01 indicates significance between time-matched ROT and LPSprimed ROT treated group; n.s.: not significant. (f) Bar graphs represent secreted IL-1β, IL-18 and TNFα as determined by ELISA. The ELISA data represents the mean ± S.E.M. performed in replicates of 4 and performed at least 4 independent times. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 vs control, whereas (g) BV2 microglial cells were treated as described above (1(E)). At the end of the treatment times, cells were collected, lysed and RNA was extracted, and gene expression was analyzed using RT-PCR, normalized to 18 s by the ΔΔC t method. The normalized folds change in gene expression of NLRP3, IL-1β, IL-18 and caspase-1 is represented as mean ± S.E.M. for each experiment performed in triplicate at least 3 times independently. *p < 0.05, **p < 0.01 and *** p < 0.001 compared with control cells, whereas # p < 0.05, # # p < 0.01 and # # # p < 0.001 indicates significance between time-matched ROT and LPS-primed ROT treated group; n.s.: not significant. (h) Immunoblot analysis of NLRP3 and processed/cleaved caspase-1 and IL-1β in whole cells lysates and supernatant of mouse primary mouse microglial cells treated with or without LPS (10 ng/ml) for 3 h, followed by stimulation with ROT or ROT alone for 4 h. *p < 0.05, **p < 0.01 and ***p < 0.001 vs control group; and # # p < 0.01 vs LPS-primed ROT treated group. (i) The levels of IL-1β and IL-18 secreted in the media were determined by ELISA. The data is presented as mean ± S.E.M. (n = 4). *p < 0.05, **p < 0.01, ***p < 0.001 and **** p < 0.0001 compared with control cells. (Sigma-Aldrich) were added per ml of media. After 20 min incubation on ice, samples were centrifuged at 12,000Xg for 10 min at 4°C. Pellets were carefully washed with ice-cold acetone at least 2 times and were allowed to dry to evaporate acetone. Concentrates were then dissolved in SDS sample buffer containing 33.34 mM NaOH (Sigma-Aldrich). Standard western blotting protocol, as described above, was followed for these samples. -+  ---+ +  +  --1h 3h 6h 1h 3h 6h   -+  ---+ +  +  --1h 3h 6h 1h 3h 6h   -+  --+  +  --3h 6h  3h 6h LPS (1μg/ml) ROT (0.5μM) --1h 3h 6h 1h 3h 6h -+ ---+ + +   -+  ---+ +  +  --1h 3h 6h 1h 3h 6h   -+  ---+ +  +  --1h 3h 6h 1h 3h 6h   -+  ---+ +  +  --1h 3h 6h 1h 3h 6h   -+  ---+ +  +  --1h 3h 6h 1h 3h 6h   -+  ---+ +  +  --1h 3h 6h 1h Immunocytoch emistry and Confocal Imaging Immunostaining was done with both BV2 cells and primary microglia (Panicker et al. 2015) . In brief, cells were plated on glass cover-slips and were exposed to desired treatments. Post treatment, fixed with 4% paraformaldehyde for 30 min followed by 3 washes with PBS and blocking with 2% BSA solution containing 0.5% Triton-X and 0.05% Tween 20. After blocking step, cells were incubated with primary antibodies (rabbit anti-NLRP3 (1:300), goat anti-TOM20 (1:300), mouse anti-p-c-Abl Y412 (1:300), rabbit anti-LC3B (1:300) and rabbit anti-p65 (1:250)) at 4°C overnight and then 90 min incubation with secondary antibodies (Donkey anti-goat Alexa Fluor® 555, Donkey anti-rabbit Alexa Fluor® 488 or Donkey Anti-mouse Alexa Fluor® 555). Lastly, cells were exposed to Hoechst (10 μg/ml) for 10 min to stain nuclei. After each step cells were washed with 1XPBS thrice. Coverslips were mounted on glass slides using Fluoroshield™ mounting medium (Sigma-Aldrich) and were allowed to dry overnight in dark. The p-c-Abl (pY412), p65 and LC3B samples were visualized using an inverted microscope (Nikon TE-2000 U) and were captured using Spot digital camera (Diagnostic instruments). LC3B stained puncta were counted using ImageJ software with 'Analyze' plugin.
Confocal imaging was performed to visualize NLRP3 and TOM20 colocalization. Leica DMIRE2 laser scanning confocal microscope with the 63X-oil immersion objective and Leica confocal software from Iowa State University Microscope Facility were used to capture images. The Zstack images were processed using Imaris software.
ASC Oligomerization Detection ASC pyroptosome analysis was detected using immunoblotting method as described by Juliana et al. (Juliana et al. 2010) . Briefly, cell pellets were washed and resuspended in lysis buffer (20 mM HEPES, 150 mM KCl, 1% NP-40, 0.1 mM PMSF and 1X protease phosphatase inhibitory cocktail) and were kept on ice for 30 min, followed by centrifugation at 5,000Xg for 10 min at 4°C. The pellets were washed with ice-cold PBS twice and then were resuspended in freshly prepared 4 mM DSS (crosslinking agent) for 30 min, centrifuged at 5,000Xg for 10 min at 4°C. The pellets were then resuspended in 10% SDS buffer and were subjected to western blot analysis as mentioned before.
Cytokine Estimation
The BV2 or primary microglia were seeded in the 96-wellplate. Post treatment, cytokines such as IL-1β, IL-18 was measured using ELISA based immunoassay kits as per manufacturer instructions.
C-Abl Activity Assay The c-Abl Activity was performed as described earlier (Schlatterer et al. 2011b) . Briefly, post treatment, the BV2 cell lysate was prepared in the cell lysis buffer (25 mM HEPES, pH 7.5, 20 mM β-glycerophosphate, 0.1 mM sodium orthovanadate, 0.1% Triton X-100, 0.3 M NaCl, 1.5 mM MgCl 2 , 0.2 mM EDTA, 0.5 mM dithiothreitol, 10 mM NaF, 1× protease-phosphatase inhibitor cocktail). The cell lysate was centrifuged at 10,000 rpm for 10 min. Equal amount of protein from each treatment group was loaded in Streptavidin coated 96 well plates and incubated with the 5 μl of ice-cold 10× kinase buffer containing 200 mM HEPES, pH 7.4, 10 mM MnCl 2 , 10 mM MgCl 2 , 10 mM DTT, 10 mM Na 3 VO 4 , 10 mM Sodium ATP, 5 μg of biotin conjugated c-Abl substrate, Abltide (EMD Millipore, CAT # 12-539) and final volume was adjusted to 50 μl with ddH 2 O. Recombinant active c-Abl enzyme (EMD Millipore, CAT # 14-459) was used as positive control at 1 μg/reaction. The reaction was started by incubating the plate at 30°C for 30 min. The reaction was stopped by adding 250 μl of 2% ice-cold BSA. Subsequently, the plates were washed three times with wash buffer. The plate wells were further incubated for 1 h at room temperature with 4G10® anti-phosphotyrosine antibody (1:1000) (EMD Millipore, CAT # 05-321). Plates were washed three times and incubated for 1 h with HRPconjugated secondary antibody (1:1000). Post incubation, the wells were washed 5 times with wash buffer and incubated with HRP substrate for 20 min. The change in color development was read with spectrophotometer at 405 nm.
Caspase-1 Activity Caspase-1 activity in BV2 cells was measured using the caspase-1 specific substrate YVAD as per manufacturer instructions (BioVision Inc., CAT # K111-25). Briefly, 2 million cells per treatment group were collected following treatment completion and lysed in ice-cold cell lysis buffer containing protease-phosphatatse inhibitor cocktail for 10 min. The cell lysate was centrifuged at 10,000 rpm for a minute and supernatant was collected. 100 μg of protein from each treatment group was incubated at 37°C with the reaction buffer containing caspase-1 specific Ac-YVAD-pNA substrate for 1 h. The cytosolic caspase-1 activity was assayed by determining the increased absorbance at 405 nm using a SpectraMax® M2e microplate reader.
Acridine Orange (AO) Assay Activity of intracellular acidic sacs can be viewed by acridine orange dye, which tends to accumulate in acidic vacuoles and produce red fluorescence. BV2 cells were plated in 24-wellplate. Post treatment, the cells were incubated with 5 μg/ml AO solution for 20 min at 37°C, p < 0.001 denotes significant differences between ROT vs LPS-primed ROT treated group, while n.s.: not significant followed by washing with PBS (Moriyama et al. 1982) . The images were captured using FLoid™ Cell Imaging System by Invitrogen at 480 nm excitation for green channel and 580 nm excitation for red channel.
Statistical Analyses Results were expressed as mean ± SEM. All the data were analyzed with Prism 6.0 software (GraphPad). P-values were determined using one-way ANOVA, followed by post hoc Tukey Test to compare means of different treatment groups. Differences with p < 0.05 were considered statistically significant. Students' t-test was used for comparing two groups.
Results

LPS Priming Induces a Rapid Activation of NLRP3 Inflammasome Components in ROT-Stimulated Microglial Cells
Due to the multifactorial nature of PD, in the present study we evaluated the influence of prior microglial activation in an environment of mitochondrial stress (ROT), which recapitulates heightened microglial activation in PD-like neuropathology. Treatment of murine macrophages with ROT leads to NLRP3 activation and IL-1β release in a delayed fashion although only in the presence of an inflammasome activator ATP (Won et al. 2015) . Mitochondria targeted toxins have been shown to influence cell viability (Ferger et al. 2010) , in order to rule out toxic effects of ROT on our experimental end points first we determined the effects of ROT and LPS on cell viability using the MTS assay, which measures mitochondrial dehydrogenase activity. For this purpose, microglia were treated with LPS (1 μg/ml, 3 h) or varying concentrations of ROT (0.1, 0.25 and 0.5 μM) or in combination with varying concentration of ROT for 6, 12 and 24 h. In this context, at 3 h post LPS cells were washed and exposed to fresh medium containing varying concentrations (0.1-0.5 μM) of ROT for 6 h. MTS assay revealed that treatment of BV2 cells with ROT concentrations ranging from 0.1-0.5 μM did not induce loss of cell viability ( Fig. 1(a) ) as compared with control cells at 6 h time point, indicating that microglial activation may not be related to microglial death. Likewise, both LPS and sequential treatment with LPS and ROT failed to elicit loss of cell viability at 6 h post drug treatment. Our data is consistent with previous studies showing that ROT by itself fails to elicit cell death at early time points (Ferger et al. 2010) . Intriguingly, at later time points (12 and 24 h), a marked increase in cell death was evidenced in cells that were sequentially stimulated with LPS and ROT ( Fig. 1(a) ). Since 6 h time point failed to elicit toxicity, all subsequent experiments were performed until this time point.
LPS is an inflammatory activator that is widely used to study microglial activation. Pro-IL-1β is not constitutively expressed in the microglia (Dostert et al. 2008) , therefore the cells were primed with 1 μg/ml LPS for 3 h to stimulate pro-IL-1β synthesis and to upregulate inflammasome components and substrates as well as to mimic excessive microglial activation, which is implicated in PD (Kim and Joh 2006) . Initially, we determined whether ROT, a mitochondrial electron transport chain inhibitor, influenced the NLRP3 inflammasome activation in LPS-primed BV2 microglial cells. BV2 cells were treated with different concentrations of ROT in the presence or absence of LPS (1 μg/ml, 3 h) for 6 h and NLRP3 related markers were determined by WB analysis. As shown in Fig. 1(b-d) , cells treat with ROT (0.5 μM) or LPS alone caused a significant increase (p < 0.05) in NLRP3 expression as compared with control cells. However, in cells that were primed with LPS and subsequently stimulated with ROT a dose-dependent increase in the expression of NLRP3-related markers were evidenced. In this context, >1.5-fold increase was evidenced in relation to NLRP3 markers (NLRP3, caspase-1 p20, cleaved IL-1β) in LPS-primed ROT-stimulated cells as compared with control cells.
Next, we sought to further investigate the kinetics of NLRP3 inflammasome activation in LPS-primed BV2 microglia that were stimulated with ROT for different periods of time (1, 3, 6 h) to confirm NLRP3 inflammasome Fig. 3 Phosphorylation of c-Abl tyrosine kinase and PKCδ was enhanced in BV2 microglial cells following LPS priming and subsequent stimulation with ROT. BV2 microglial cells were treated as described in 1(e). Post treatment, whole cell lysate were prepared and immunoblotted for p-c-Abl (Y412, Y245), c-Abl, p-PKCδ (Y311) and PKCδ (a). β actin was used as loading control. The expression level of p-c-Abl is enhanced upon LPS/ROT stimulation. Significant difference between control and the treatment groups are indicated as *p < 0.05 and **p < 0.01, whereas # p < 0.05 and # # p < 0.01 denotes significance between time-matched ROT and LPS-primed ROT groups. The p-c-Abl and p-PKCδ band intensity were normalized to c-Abl and PKCδ, respectively. The normalized band intensity represented as the mean ± S.E.M. of at least 4 independent experiments; n.s.: not significant. (a) Primary microglial cells were treated as described in 1(h). Whole cell lysates were prepared and c-Abl phosphorylation status was probed by western blotting using antibodies specific to pY412, pY245 and c-Abl. β actin was used as loading control. The upper panels show bands of p-c-Abl, c-Abl and β actin. Densitometric scanning reveals significant increase in c-Abl activation in response to LPS and rotenone stimulation. Data are expressed as mean ± S.E.M.; *p < 0.05, **p < 0.01 and ***p < 0.001 vs control, whereas # # p < 0.01 denotes significance between ROT and LPSprimed ROT groups. We observed that all three NLRP3 related markers were upregulated by several folds in LPS/ROT stimulated cells as compared with ROT treated cells ( Fig. 1(e, f) ). Data shown in Fig. 1 (e) demonstrates that upon stimulation of LPSprimed BV2 microglia with ROT, activation of NLRP3 related markers were increased in a time-dependent manner. In this context, the protein expression of NLRP3 and caspase-1 (p20) increased by more than 1.5-fold and 2.1-fold, respectively, at 6 h. Likewise, we saw a pronounced time-dependent secretion of mature IL-1β, caspase-1 (p10) and NLRP3 starting at 1 h in LPS-primed ROT-stimulated cells as compared with control cells as assessed via immunoblot analysis of concentrated supernatants ( Fig. 1(e) ). To further verify NLRP3 inflammasome activation, we performed ELISA analysis. We measured IL-1β and IL-18 secretion upon stimulation of BV2 microglial cells with LPS or ROT or LPS and ROT for varying time points (1-6 h). We observed a significant increase in IL-1β (p < 0.05), IL-18 (p < 0.05) and TNFα (p < 0.001) secretion in LPS stimulated cells. Likewise, a marked increase (>2.5-fold) in IL-1β and IL-18 secretion and >4-fold increase in TNFα secretion was evidenced at 6 h post LPS and ROT sequential stimulation as compared with ROT treated BV2 cells ( Fig. 1(f) ).
Subsequently, we performed quantitative Real Time-PCR (qRT-PCR) to determine whether changes in mRNA transcript levels might have accounted for the elevated NLRP3-related marker levels in LPS and ROT sequentially stimulated BV2 microglial cells. We observed a significant increase in NLRP3-related markers at all time points with levels increasing by more than 1.5-fold at 3 h and 6 h, respectively, upon LPS and ROT sequential stimulation as compared with ROT stimulated cells ( Fig. 1(g) ). However, caspase-1 transcript levels remained unchanged at all time points exposed to either LPS or ROT or LPS and ROT as compared with control cells, supporting transcription-independent caspase-1 activation mechanisms ( Fig. 1(g) ).
The rapid response to LPS and ROT was mirrored in mouse primary microglial cells ( Fig. 1(h, i) ). In a recent study, priming of primate primary microglia with varying concentrations (4-500 ng/ml) of LPS resulted in similar amount of IL-1β release at least at the 4 h time point (Burm et al. 2015) . Therefore, experiments were performed at a similar time point with primary microglia. For this purpose, we exposed the primary microglial cells for 3 h with a low concentration of LPS (10 ng/ml) followed by ROT (30 nM) for 4 h to activate primary microglia (Chang et al. 2013 ). ELISA analysis revealed that LPS priming and ROT stimulation of mouse primary microglial cells elicited a marked increase (>20-fold) in both IL-1β and IL-18 as compared with ROT treated cells ( Fig. 1(i) ). Additionally, immunoblot analysis of concentrated cell culture supernatant from LPS and ROT sequentially stimulated cells revealed the appearance of mature IL-1β and caspase-1 (p10) as well as NLRP3 ( Fig. 1(h) ). Our results further confirm the validity of our model to study the impact of sequential treatment with LPS and ROT in the induction of a pronounced microglial proinflammatory signaling cascade especially, NLRP3 inflammasome activation. Subsequent experiments were carried out at the afore mentioned concentrations of both LPS and ROT to determine the levels of inflammatory cytokines and ALS related markers. Collectively, our studies suggest that ROT alone induces a suboptimal increase in NLRP3-related markers; however, additional factors such as LPS priming would be required to induce heightened inflammatory response via potentiation of NLRP3 inflammasome activation.
LPS Priming and subsequent ROT Stimulation Enhance Intracellular ROS Generation, Nitrite Production and Dissipation of MMP in BV2 Microglia
It is well established that ROT induced inhibition of electron transport chain leads to ROS generation (Li et al. 2003; Indo et al. 2007 ). To examine whether ROT-induced changes in ROS generation may be linked to NLRP3 inflammasome activation, we determined ROT-induced ROS generation in BV2 cells using the cell permeant ROS indicator, CM-H 2 DCFDA, and subsequent quantification using fluorescence plate reader assay. The exposure of BV2 microglial cells to LPS for 3 h resulted in a significant (p < 0.05) increase in ROS generation, as compared with controls. Upon ROT stimulation, BV2 cells demonstrated a time-dependent ( Fig. 2(a) ) increase in ROS generation. In this context a 50%, 65% and Fig. 4 Mitochondrial ROS drives the NLRP3 inflammasome activation, c-Abl and PKCδ phosphorylation and inflammatory mediators release in LPS-primed rotenone stimulated BV2 cells. (a) BV2 microglial cells were pretreated with MitoTEMPO (200 μM or 500 μM) for 1 h, followed by priming with LPS (1 μg/ml) for 3 h. The primed cells were subsequently stimulated with ROT (0.5 μM) for 6 h. The reactive oxygen species production post treatment was quantified fluorometrically using CM-H2DCFDA dye. The data is expressed as percent of control and is represented as mean ± S.E.M.; n = 8. *p < 0.05, **p < 0.01 and ***p < 0.001 versus control; 110% increase in ROS generation was evidenced at 1, 3, 6 h, respectively, as compared with controls. Moreover, ROT stimulation enhanced ROS generation in LPS primed cells. In this context, BV2 cells sequentially treated with LPS and ROT, displayed an 80, 120 and 210% increase at 1, 3, 6 h, respectively, as compared with control cells (Fig. 2(a) ) As DCF fluorescence studies detects intracellular changes in ROS generation and fails to detect the exact source, we used mitoSOX™ red, a probe that is targeted to the mitochondria and fluoresces when oxidized by O 2 − . Treatment with ROT caused a 1.3 and 1.5-fold increase in mitochondrial superoxide production at 3 and 6 h, respectively ( Fig. 2(b) ). However, in cells that were sequentially treated with LPS and ROT a similar increase (>2-fold) in mitochondrial ROS generation was evidenced at 3 h and 6 h, respectively. Next, we examined the effect of LPS priming on ROTinduced NO production in BV2 cells. The BV2 cells were subjected to the same treatment conditions as detailed above. LPS induced NO generation by more than 2-fold as compared to control cells. On the contrary, LPS priming induced a dosedependent increase in NO generation in ROT stimulated cells. In fact, greater than 3-fold increase in NO generation was evidenced in LPS-primed ROT stimulated cells at 6 h as compared to ROT treated cells.
As ETC inhibitors can cause mitochondrial dysfunction leading to mitochondrial depolarization and energy depletion (Plaza Davila et al. 2015; Charli et al. 2016) , we next assessed the impact of ROT on mitochondrial membrane potential (MMP, Δψ m ). The outer membrane of mitochondria is highly susceptible to reactive free radicals and increased free radical generation within the cell can damage the structure of the outer membrane, creating pores and making the membrane leaky (Kowaltowski et al. 2001; Chipuk et al. 2006; Tait and Green 2010) . To evaluate the mitochondrial membrane permeability, we examined the mitochondrial membrane potential using the JC-1 assay. JC-1, a cationic dye, indicates mitochondrial depolarization via a reduction in the ratio of red to green fluorescence. As shown in Fig. 2(c) , 0.5 μM ROT treatment caused significant (p < 0.05) and time-dependent dissipation in MMP in BV2 cells. However, LPS priming for 3 h and subsequent stimulation with ROT for 1, 3 and 6 h resulted in a further time-dependent collapse of MMP. In this context, an 18, 46 and 36% reduction of MMP (Fig. 2(c) ) were evidenced in these cells at 1, 3 and 6 h, respectively. Taken together, our results demonstrated that electron transport chain inhibitor enhance LPS-induced ROS generation concomitant with lowered membrane potential associated with dysfunctional mitochondria. Thus, it is plausible that exaggerated mitochondrial ROS generation in LPS-primed ROT-stimulated microglial cells may contribute to an enhanced microglial activation response via NLRP3 inflammasome activation.
c-Abl and PKCδ Activation is Augmented in a Time-Dependent Manner in LPS-Primed ROT-Stimulated Microglial Cells
To this point our data indicate that LPS priming and subsequent ROT stimulation enhances NLRP3 inflammasome activation. In order to identify the signaling pathways utilized by LPS and ROT stimulation to enhance NLRP3 inflammasome activity, we considered redox sensitive signaling pathways likely to be activated during LPS and ROT stimulation. Accumulating evidence indicates that the non-receptor tyrosine kinase c-Abl participates in numerous neurodegenerative diseases and that its activation can cause neuroinflammation and oxidative stress-induced neuronal injury in mouse model of AD and PD (Alvarez et al. 2004; Schlatterer et al. 2011a; Schlatterer et al. 2011b ). Thus, we first assessed whether heightened oxidative stress response and perturbation of (A)). Post treatment, cell supernatants were analyzed for nitrite release via Griess method (f), mRNA levels (g) and protein expression of iNOS (h) in BV2 cells. The elevated expression of iNOS was antagonized by DAS in LPS primed ROT stimulated BV2 cells. The mRNA data normalized to 18S is presented as mean ± S.E.M., n = 4-6. β actin antibody was used as loading control in western blots. The normalized densitometric analyses are representative of at least three independent experiments and data is expressed as mean ± S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001 compared with control cells; p-c-Abl
Band Intensity (% Control) mitochondrial function impact c-Abl activity upon exposure of cells to ROT for increasing duration (1-6 h) in BV2 microglial cells and c-Abl activation was also determined by WB analysis. In cells that were exposed to ROT or LPS, a modest increase in the magnitude of phosphorylated levels of c-Abl was evidenced. Conversely, LPS priming and subsequent stimulation with ROT elicited robust increase (>1.6-fold increase) in c-Abl phosphorylation at 3 h and a sustained activation was evidenced for the remainder of the treatment period consistent with an aberrant activation state ( Fig. 3(a) ). In this context, the extent of phosphorylation was found to be dramatically increased on two distinct tyrosine residues (Tyr245 and Tyr412) in LPS/ROT stimulated cells as compared with LPS or ROT only treated cells. c-Abl phosphorylation at Tyr245 and Tyr412 serves as an indirect measure of cAbl activation (Dorey et al. 2001; Ko et al. 2010) . In fact, they are well established regulatory phsophotyrosine residues that are required for c-Abl activation (Brasher and Van Etten 2000; Katsumata et al. 2012) . Densitometric analysis confirmed that LPS priming induced a significant time-dependent increase in the phosphorylation of c-Abl (p < 0.01) ( Fig. 3(a) ). To further determine whether LPS or ROT or combination-induced alteration of p-c-Abl levels could be attributed to transcriptional changes, we determined the transcript levels of c-Abl in BV2 cells exposed to these agents (data not shown).
We next determined the expression of p-c-Abl Y412 in primary microglial cells either exposed to LPS or ROT or sequentially exposed to LPS and ROT by fluorescence microscopy. We observed a modest expression of p-c-Abl Y412, which is depicted as red fluorescence in LPS or ROT treated cells as compared with control cells; however, strong immunoreactivity for p-c-Abl Y412 was evidenced in LPS/ ROT treated cells as compared with control cells (Fig. 3(c) ). To further ascertain c-Abl activation, next we investigated whether the expression of c-Abl and p-c-Abl was altered in mouse primary microglial cells exposed to low dose of LPS or ROT or LPS/ROT using WB analysis. A marked increase in Y412 phosphorylated and Y245 phosphorylated c-Abl protein levels were evidenced in LPS-primed cells that were subsequently stimulated with ROT as compared with control cells (Fig. 3(b) ), further corroborating immunofluorescence analysis. A modest increase in p-c-Abl levels were evidenced in LPS or ROT alone treated cells. These results indicate that sequential treatment with LPS and ROT accentuates c-Abl activation in microglial cells.
Previous studies have demonstrated that c-Abl plays an essential role in PKCδ activation in response to oxidative stress (Gonfloni et al. 2012) . In this context, cAbl has been shown to phosphorylate PKCδ on tyrosine 311, which has been linked to apoptotic death in H 2 O 2 treated cells (Lu et al. 2007) . Furthermore, recently we demonstrated a positive association between PKCδ upregulation and microglia activation and that genetic ablation of PKCδ attenuated LPS-induced proinflammatory response (Gordon et al. 2016) . Therefore, we examined whether exposure to LPS or ROT or in combination activated PKCδ, a downstream mediator of cAbl. Similar to the temporal pattern of activation of cAbl, a time-dependent parallel increase in p-PKCδ Y311 expression levels were evidenced in ROT-stimulated cells that were primed with LPS as compared with LPS or ROT alone treated cells (Fig. 3(a) ). Our results suggest that a LPS-induced generation of intracellular ROS in conjunction with high grade mitochondrially derived ROS originating from ROT-induced disruption of mitochondrial ETC might have contributed to a heightened oxidative stress environment which in turn might have been conducive for the aberrant activation of c-Abl and PKCδ. Studies have implicated ROS-derived from dysfunctional mitochondria may be linked to sustained NLRP3 inflammasome activation and IL-1β secretion (Tschopp and Schroder 2010; Bauernfeind et al. 2011; Zhou et al. 2011; Kauppinen et al. 2012; Chen et al. 2015; Jang et al. 2015) . Numerous NLRP3 activators have been shown to trigger mitochondrial ROS production in a variety of cells. For example, fatty acid palmitate has been shown to promote NLRP3 inflammasome activation and IL-1β release via mitochondria-generated ROS dependent fashion (Wen et al. 2011a) . Because ROT treatment revealed the potential involvement of mitochondria-derived ROS in the enhanced oxidative stress response, we next utilized mitochondria-targeted antioxidant to dissect in detail the role of mitochondrial ROS on NLRP3 inflammasome activation and IL-1β secretion. In these experiments, BV2 cells were pretreated with mitoTEMPO (200 and 500 μM), mitochondria-targeted ROS scavenger (Nakahira et al. 2011) , for 1 h prior to LPS priming and subsequently stimulated with ROT. Notably, the LPS and ROT-induced mitochondrial ROS production in BV2 cells was markedly inhibited by mitoTEMPO (Fig. 4(a) ). ROS generation induced by the combination of LPS and ROT was reduced by 20 and 40% following treatment with 200 and 500 μM mitoTEMPO, respectively (Fig. 4(a) ). Notably, mitoTEMPO (200, 500 μM) elicited significant reduction (p < 0.01) in ROS generation correlated with diminished secretion of IL-1β and IL-18 in response to ROT and LPS (Fig. 4(d) ). Additionally, repression of expression of NLRP3, caspase-1 cleavage was also evidenced in mitoTEMPO pretreated cells that were stimulated with ROT subsequent to LPS priming (Fig. 4(b) ). Given that PKCδ and c-Abl are redox sensitive protein kinases and were activated upon stimulation with ROT in LPS-primed cells, we further investigated the importance of mitochondria-derived ROS on the activation of the two pro-oxidant kinases. We found that ROT induced phosphorylation of c-Abl at both 412 and 245 sites and PKCδ at Y311 site was blunted (p < 0.01) at both 200 and 500 μM mitoTEMPO, respectively (Fig. 4(c) ) as detected via WB. Together, these results indicate that mitoTEMPO attenuated NLRP3 inflammasome activation and activation of redox sensitive kinases such as c-Abl suggesting that mitochondria-derived ROS may mediate NLRP3 inflammasome activation via c-Abl/PKCδ signaling axis in response to LPS and ROT in microglial cells.
Mitochondrial Dysfunction and NLRP3 Inflammasome Activation is Elicited in a c-Abl Dependent Manner in LPS Primed ROT Stimulated Microglial Cells
A growing body of evidence indicates that c-Abl inhibitor could suppress neurotoxicity and neuroinflammation in experimental models of PD and AD (Jing et al. 2009; Estrada et al. 2011; Karuppagounder et al. 2014; Brahmachari et al. 2016) . In an effort to assess the anti-inflammatory effects of dasatinib (DAS), a dual cAbl/c-Src kinase inhibitor (Lombardo et al. 2004) , we used the LPS-stimulated BV2 microglial cells as a model of neuroinflammation. DAS attenuated the expression of key inflammatory markers in a concentrationdependent manner. More specifically, DAS treatment decreased the secretion proinflammatory cytokines and NF-κB nuclear translocation (supplement Fig. 1 ). Given that DAS effectively suppressed the induction of proinflammatory markers at 100 nM, we used the same concentration to elucidate the mechanistic basis of the anti-inflammatory effects. In support of our data, phosphorylation of c-Abl in NSC-34 cells expressing mutant or WT SOD was found to be reduced at 100 nM DAS (Katsumata et al. 2012) . Stimulation of BV2 microglial cells with LPS (1 μg/ml) and ROT (0.5 μM) for 6 h induced a 1.8-fold increase in active p-c-Abl levels (Y412 and Y245) ( Fig. 3(a) ) with a concomitant increase in c-Abl kinase activity (4.5 fold) as compared with ROT treated cells ( Fig. 5(a) ). However, upon 1 h pretreatment with 100 nM DAS a near complete abolition in c-Abl kinase activity was evidenced in LPS/ROT treated cells. These studies indicate that DAS inhibits cAbl activation in LPS/ROT-stimulated microglial cells confirming the inhibitory effects of the drug on c-Abl activation ( fig. 5(a) ). In fact, our WB findings corroborated our c-Abl enzymatic analysis whereby a marked reduction in p-c-Abl levels (Y412) was evidenced in LPS/ROT treated cells that were pretreated with DAS ( Fig. 5(b) ). Alternatively, the inhibitory effects of DAS on Src kinase cannot be excluded. We next explored whether DAS inhibits ROS generation and NLRP3 inflammasome activation in LPS/ROT-stimulated BV2 microglial and mouse primary microglial cells. Interestingly, DAS pretreatment significantly inhibited loss of MMP, generation of ROS and nitrite production (Fig. 5(ch) ), NLRP3 expression (Fig. 6(a-c) ), ASC oligomerization (sup . Fig 2) , caspase-1 activation ( Fig. 6(d) ) and secretion of IL-1β and IL-18 ( Fig. 6(e) ) under these experimental conditions in BV2 microglial cells. Likewise, DAS pretreatment suppressed expression of NLRP3 related markers in primary microglia subjected to the afore mentioned treatment conditions (Fig. 6(f, g) ).
To further ascertain the role of c-Abl in NLRP3 inflammasome activation in our experimental conditions, we utilized a siRNA system to specifically downregulate c-Abl protein levels in BV2 microglia and studied the microglial activation response in response to ROT in LPS-primed cells.
In pilot experiments, we obtained optimal suppression of cAbl protein at 48 h following transfection as assessed via WB analysis. We found an 80% reduction in the levels of c-Abl in cells that were transfected with the c-Abl siRNA as compared with scramble-transfected cells (Fig. 7(a) ). Transfection of BV2 microglial cells with siRNA targeted to c-Abl inhibited LPS and ROT-induced increase in the expression and secretion of NLRP3 by approximately 85% (Fig. 7(b) ). Additionally, in LPS and ROT sequentially treated cells cAbl siRNA prevented secretion of cleaved NLRP3, casp-1 (p10) as well as IL-1β by 80%, 84% and 70%, respectively as compared with scramble ROT-treated cells (Fig. 7(b) ). ELISA analysis confirmed the inhibitory effects of c-Abl knock-down on IL-1β and IL-18 extracellular release (Fig. 7(c) ). Our results suggest that c-Abl plays a role in NLRP3 inflammasome activation induced by LPS and the aggravation of NLRP3 inflammasome signaling occurs following ROT-induced excessive ROS generation. We next examined the impact of siRNA-mediated knock-down of c-Abl in primary microglial cells exposed to LPS and ROT. Upon verification of depletion of endogenous c-Abl levels by c-Abl targeted siRNA (Fig. 7(d) ), we next investigated NLRP3 inflammasome activation using WB analysis. A diminished pattern of NLRP3 inflammasome activation as reflected by reduced expression levels of NLRP3 and secreted NLRP3, IL-1β and caspase-1 were evidenced in response to LPS and ROT in c-Abl siRNA transfected as compared with scramble transfected cells (Fig. 7(e) ). ELISA studies further corroborated that LPS and ROT potentiates NLRP3 inflammasome activation as reflected by increased IL-1β and IL-18 levels ( Fig. 7(f) ). These studies suggest that c-Abl mediates NLRP3 inflammasome activation via ROS generation in LPS-primed ROT-stimulated microglial cells.
Dasatinib Suppresses Increased Trafficking of NLRP3 to Mitochondria in LPS-Primed ROT-Stimulated Microglial Cells
Previous studies have demonstrated that NLRP3 has the propensity to accumulate in the mitochondria upon exposure to NLRP3 inducing stimuli such as nigericin (Subramanian et al. 2013 ). Thus, we hypothesized that NLRP3 inflammasome activation is associated with NLRP3 translocation to mitochondria. We performed immunofluorescence studies to determine the cellular localization pattern of NLRP3 upon exposure to LPS, ROT or LPS/ROT in mouse primary microglial cells. Confocal double immunofluorescence analysis was performed using NLRP3 (green) and TOM20 (red) (Fig. 8) , which is a mitochondrial marker that is routinely used to demonstrate mitochondrial localization in a wide variety of cells. Examination of the distribution pattern of NLRP3 revealed that it exhibited a more dispersed expression pattern in the cytoplasm in primary microglial cells that were treated with the vehicle. By contrast a dramatic increase in NLRP3 compartmentalization within the mitochondria was evidenced in primary microglial cells that were stimulated with LPS/ROT, while LPS and ROT displayed a modest increase in mitochondrial translocation. Consistent with our data, in a recent study, Iyer et al. demonstrated that mitochondria play a pivotal role in NLRP3 activation via the direct interaction of NLRP3 to the mitochondria via cardiolipin (Iyer et al. 2013 ). Remarkably, DAS inhibited NLRP3 trafficking to the mitochondria in LPS/ROT stimulated primary microglial cells (Fig. 8, last row) . These results further suggest that DASinduced attenuation of c-Abl activation may limit ROTinduced mitochondrial dysfunction and resultant redistribution of NLRP3 to mitochondria in LPS-primed cells.
Dasatinib Inhibits NF-κB Activation in ROT-Stimulated LPS-Primed Microglial Cells
Previously we and other have demonstrated that inflammagen LPS-induced NF-κB activation in BV2 microglial cells (Gao et al. 2013; Panicker et al. 2015; Gordon et al. 2016) . Likewise, in ROT-treated BV2 cells a marked increase in NF-κB activity was evidenced post drug treatment (Yuan et al. 2013) . Furthermore, NLRP3 expression has been shown to be induced by NF-κB in murine hepatocytes (Boaru et al. 2015) . Therefore, we hypothesized that exacerbated NF-κB activation in LPS/ROT-treated cells may underlie the amplified proinflammatory response evidenced in these cells. Activation of NF-κB transcription factor is crucial for proinflammatory gene transcription. In the resting state, NF-κB is sequestered in the cytoplasm as an inactive complex via interaction with the IκBα inhibitory protein. Following exposure to inflammagens, IκBα in the NF-κB complex is phosphorylated by IκBα kinase (IκK), ubiquitinated and eventually degraded via ubiquitin-proteasomal system (UPS); thereby leading to the translocation of p65 to the nucleus (Karin 1999; Aldieri et al. 2003) . Thus, we assessed the magnitude of NF-κB activation in LPS/ROT-stimulated cells as compared with LPS or ROT treatment. For this purpose, we determined the activation status of p65 subunit of NF-κB by WB analysis in BV2 cells that were treated with LPS (10 or 20 min), ROT (3 or 6h) or LPS/ROT combination. A rapid relocalization of p65 to the nucleus as early as 10 min in BV2 cells exposed to LPS. In contrast, LPS priming (10 or 20 min) and subsequent stimulation with ROT for 6 h resulted in a significant (p < 0.05) increase in p65 nuclear translocation ( Fig. 9(a) ).
To further confirm NF-κB activation in these cells, we determined p-IκBα levels using WB analysis. A marked upregulation of IκBα phosphorylation at Ser32 site was found to parallel nuclear translocation of p65 in LPS/ROT treated cells at 6 h as compared with LPS or ROT only treated cells ( Fig. 9(b) ). Indeed, nuclear translocation of p65 correlated with increased levels of NF-κB gene products including IL-1β, IL-18 ( Fig. 1(f) ) and NOS2 ( Fig. 5(g) ) in LPS/ROT treated BV2 cells. Our results are consistent with previous studies showing that NF-κB activation is mediated via degradation of IκBα proteins and accompanying p65 nuclear translocation in Immunoblotting for NLRP3 related markers in the supernatant (sup.) and whole cell lysates of BV2 cells subjected to the same treatment conditions as detailed above (Fig. 5(a) ). β actin was used as loading control. The bar graph represents densitometric analysis. Bands were normalized to β actin and are presented as mean ± S.E.M. of % control of at least three independent experimental repeats. *p < 0.05, **p < 0.01 and ***p < 0.001 versus scrambled control, while (Sakurai et al. 2003; Vermeulen et al. 2003) .
In order to determine the effect of DAS on LPS/ROTinduced NF-κB signaling, BV2 microglial cells were pretreated with DAS and subsequently primed with LPS and stimulated with ROT. Incubation of BV2 microglia with 100 nM DAS prior to LPS/ROT treatment for 1 h significantly attenuated NF-κB activation as evidenced by the retention of p65 in the cytosol as assessed via immunoblotting (Fig. 9(c) ) and immunofluorescence studies (Fig. 9(e) ). Likewise, our WB studies further confirmed the inhibitory effects of DAS on NF-κB activation in LPS/ROT treated BV2 cells as measured by decreased IκBα phosphorylation (pS32) (Fig. 9(d) ) and nuclear translocation of p65 (Fig. 9(c) ). These results suggest that DAS-associated anti-inflammatory effects might at least in part mediated via suppression of c-Abl/NF-κB interplay presumably limiting the magnitude of the accentuated proinflammatory signaling cascade involving NLRP3 inflammasome activation.
c-Abl is Linked to the Impairment of autophagolysosomal system (ALS) in ROT-Stimulated LPS-Primed Microglial Cells
Autophagy represents an intracellular cellular degradative machinery that degrades damaged organelles or misfolded proteins via lysosomal degradative machinery. In a previous study ROT was found to induce disruption of autophagic flux in SH-SY5Y cells and in the substantia nigra (SNpc) in Parkinsonian rats (Wu et al. 2015) . In this context, excessive accumulation of autophagosomes with a concomitant disruption of lysosomal function was evidenced in these cells.
Moreover, multiple reports indicate that autophagy is a negative regulator of NLRP3 inflammosome activation (Saitoh et al. 2008; Nakahira et al. 2011; Chuang et al. 2013) . Therefore, we examined whether autophagy changes occur following LPS or ROT stimulation or LPS and ROT sequential treatment by examining the expression levels of beclin1, p62, LC3B I and LC3B II using western blot analysis. Beclin 1 is a critical component of the class III phosphatidylinositide 3-kinase (PI3K) complex, which been shown to participate in autophagosome formation (McKnight and Zhenyu 2013) . p62 is an adaptor protein that is involved in the formation of a linkage between LC3B II and the ubiquitinylated proteins to be degraded and has been routinely used for monitoring autophagic flux (Komatsu and Ichimura 2010) . The microtubule associated protein LC3B I is present in the cytoplasm however, upon association with phosphatidylethanolamine (via an ubiquitin like conjugation reaction) of the membrane of autophagosome leads to the conversion to LC3B II, a widely used autophagosome marker (Tanida et al. 2008) . Both p62 and LC3B II are degraded together with ubiquitinylated protein following autophagosome fusion with the lysosome (Tanida et al. 2008; Komatsu and Ichimura 2010) . BV2 microglial cells were incubated with either LPS or ROT or primed with LPS prior to ROT (0.5 μM) stimulation for increasing time period (1, 3 and 6 h). As shown in Fig. 10(a) , a sustained and dramatic increase in autophagy mediators including LC3B II, and beclin1 with a concomitant upregulation of p62 levels was evidenced in cells that were primed with LPS prior to ROT stimulation as compared with control cells. Also, a significant increase in these markers was evidenced in cells exposed to LPS or ROT alone treated cells as compared Fig. 8 Confocal images demonstrating the inhibitory effects of dasatinib on Rotenoneinduced re-localization of NLRP3 to the mitochondria in LPSprimed primary microglia. Primary microglia treated as described in 6(f). Representative confocal immunofluorescent images of cells that were co-immunostained for NLRP3 (green) and TOM20 (red) followed by staining with Hoechst for nucleus (blue). Merged images of NLRP3 and TOM20 (yellow) indicated by arrows. LPS priming and ROT stimulation of primary microglial cells caused an increase in the colocalization of NLRP3 and TOM20. Results are representative of at least 3 experiments. Scale bar =50 μm with controls. A similar scenario was evidenced in primary microglial cells exposed to LPS or ROT or combination ( Fig. 10(b) ). Additionally, we also performed immunofluorescent studies to determine LC3B positive puncta. Consistent with our WB findings, exposure of primary microglial cells to LPS and ROT resulted in a dramatic increase in LC3B positive puncta as compared with LPS or ROT treated cells (Fig. 10(f) ). Next, we determined whether LPS/ROTinduced autophagy upregulation is mediated in a c-Abl dependent manner. Because maximal increments in autophagy related markers occurred at 6 h post LPS/ROT stimulation, 6 h was chosen to study the effects of DAS on ROT-induced impairment in autophagic flux in LPS-primed microglia. Data show that DAS attenuated ROT-induced increases in autophagy markers in LPS-primed cells (Fig. 10(c) ). To further ascertain the role of c-Abl in the upregulation of autophagic mediators in LPS/ROT stimulated cells, primary microglial cells were transiently transfected with siRNA targeting c-Abl or scramble siRNA. Subsequently cells were primed with LPS (10 ng/ml) for 3 h and stimulated with ROT (30 nM) for 4 h in order to assess modulation of autophagic markers. Our data revealed that LC3B II, beclin1, p62 levels after stimulation with ROT in LPS-primed cells were significantly lower in siRNA c-Abl transfected cells as compared with siRNA scrambled transfected cells (Fig. 10(g) ). Our results are consistent with previous studies demonstrating a positive association between c-Abl induction and disruption of autophagic flux (Hu et al. 2012; Mahul-Mellier et al. 2014) . Our studies suggest that c-Abl-mediated impairment in the clearance of autophagic vacuoles (AVs) might partly contribute to the excessive buildup of AVs in LPS/ROT-stimulated microglial cells.
It is well established that impairment in lysosomal function blocks autophagic degradation of damaged organelles and long lived proteins. In fact, the acidic environment of lysosome is critical for the degradation of autophagosomes (Mizushima 2007a, b; Yang and Klionsky 2009) . Furthermore, lysosome-destabilizing agent mediated lysosomal rupture has been implicated in the activation of NLRP3 inflammasome (Lima et al. 2013) . To ascertain whether lysosomal activity is modulated in LPS-primed ROT-exposed cells, we used the acridine orange immunofluorescence analysis. Acridine orange dye can be trapped within intact acidic lysosomes resulting in red fluorescence, while in the cytoplasm they fluoresce green when the lysosomal acidity is lost. Consistent with previous studies (Carrithers et al. 2007; Mader et al. 2012) , immunofluorescence analysis revealed that exposure of BV2 microglia to either ROT or LPS alone decreased lysosomal acidification indicating decreased lysosomal integrity. Interestingly, cells sequentially treated with LPS and ROT displayed a marked attenuation of lysosomal acidification as judged by a near complete abolition of acridine orange florescence, as compared with control cells (Fig. 10(d) ). As expected, DAS pretreatment restored lysosomal acidity in LPS/ROT-treated cells as evidenced by a marked increase in the proportion of cells exhibiting red fluorescence. Collectively, these results suggest that LPS priming might exacerbate ROT-induced impairment in autophagic flux via impairment of lysosomal function.
The transcription factor EB (TFEB) has been shown to be a master regulator of the ALS pathway that is regulated by mTOR signaling events (Decressac et al. 2013) . In cellular models of protein misfolding and oxidative stress, enhancement of TFEB function has been found to be associated with improved protein clearance and neuroprotection. Given that we observed excessive accumulation of autophagic mediators in cells that received a combination of LPS and ROT, we addressed the possibility whether impairment in lysosomal biogenesis might contribute to the impairment in autophagic flux. For this purpose, we determined time-dependent regulation of TFEB levels in LPS or ROT or in LPS-primed cells that were exposed to ROT for varying duration using WB analysis. A time-dependent reduction in the expression levels of TFEB was evidenced in ROT treated cells (0.5 μM, 3 and 6 h); however, in cells that were stimulated with LPS/ROT, a further time dependent increase in the depletion of TFEB levels was evidenced during the entire treatment duration as compared with control cells (Fig. 10(e) ), which is suggestive of defective lysosomal biogenesis. Intriguingly, we found that DAS significantly attenuated ROT-induced depletion of TFEB in LPS-primed cells further confirming its restorative effects on lysosomal function (Fig. 10(e) ). These results suggested that impairment in the clearance of AVs in LPS/ROTstimulated cells might be attributed at least in part to lysosomal dysfunction originating from a failed lysosomal degradative machinery. Taken together, our data highlights the pivotal role of c-Abl in ROT-induced ALS dysfunction in LPS-primed cells.
Enhancement of PKCδ and c-Abl Activation Correlates Positively with TH Neuron Loss in LPS-Primed ROT-Stimulated Midbrain Neuron-Glia Cultures
Given that both c-Abl and PKCδ displayed aberrant activation in LPS and ROT sequentially treated microglial cells as compared with LPS or ROT treatment (Fig. 1(h) ), we next examined whether LPS and ROT exacerbated c-Abl and PKCδ activation in midbrain neuron-glia cultures and how this relates to the levels of TH. As shown in Fig. 11(a) , sequential treatment with LPS and ROT significantly increased p-c-Abl (Y412) and p-PKCδ (Y311) levels as compared with LPS or ROT only treated neuron-glia mixed cultures indicative of redox sensitive kinase activation. These results further confirmed activation of both c-Abl and PKCδ activation, which may, in part, may elicit a heightened oxidative stress response in response to LPS and ROT in these cells. Notably, we found that aberrant activation of the afore mentioned redox sensitive kinases positively correlated with TH loss and that DAS restored the loss of TH levels in LPS and ROT stimulated mixed neuron glia coculture (Fig. 11(b) ).
It has been found that ROT enhances oxidative stress response and DAgic cell death in mixed neuron-glia culture as compared with neuron enriched culture that were pretreated with LPS (Gao et al. 2002a) . Since DAS blocked the activation of the redox sensitive kinase, it is plausible that heightened glia-dependent cAbl-mediated oxidative stress response may enhance proinflammatory cascade and subsequent dopaminergic neurodegeneration. However, further studies are needed to determine whether there is a differential loss of TH positive cells in midbrain neuron enriched culture upon LPS and ROT stimulation.
Dasatinib Treatment Attenuates Behavioral Deficits, NLRP3 Inflammasome Activation and ALS Dysfunction in the Substantia Nigra of LPS Treated Mice
To determine whether data generated using isolated microglia could be translated into an in vivo setting, we used the LPS neuroinflammation model of PD. We and others have demonstrated that LPS elicits a marked increase in proinflammatory mediators levels (Tomas-Camardiel et al. 2005; de Pablos et al. 2014; Gordon et al. 2016) . Moreover, previous studies have demonstrated that DAS prevents neuroinflammatory response in a mouse model of Amyotrophic lateral sclerosis and AD Katsumata et al. 2012) . Therefore, we next sought to determine the in vivo efficacy of DAS in LPS-treated mice. The mice were administered 25 mg/kg/d DAS via oral gavage for 30 days before LPS (5 mg/kg, i.p.) administration. Based on the antiinflammatory effects of DAS we hypothesized that blockade of c-Abl dependent downstream immune signaling cascade may suppress the sickness behavior in these mice. To assess the severity of the sickness behavior we assessed motor activity. Mice treated with LPS showed significant reduction in the cumulative distance traveled, vertical and horizontal activity as compared with the controls. However, when mice were treated with DAS we observed a remarkable improvement in LPS-induced sickness behavior as reflected in the improvement of the locomotor activity. To further evaluate sickness behavior, we performed Rotarod analysis in these mice. The recovery of DAS pretreated mice from endotoxin shock is further confirmed in the Rotarod test. The improved exploratory behavior in DAS-pretreated LPS-administered mice might be attributed to amelioration of LPS-induced septicemia or alternatively a rapid recovery from this illness. These data highlight that interference of c-Abl activation via DAS can abrogate microglial proinflammatory signaling cascade via suppression of NLRP3 inflammasome related markers, which in turn may contribute to an improvement in sickness behavior after LPS treatment. We next investigated whether DAS would directly reduce proinflammatory response in LPS treated mice. We found that DAS reduced ionized calcium binding adapter molecule 1 (IBA-1, microglial marker) and NLRP3 expression in the substantia nigra of LPS treated mice (Fig. 12(j and k) ). Likewise, DAS attenuated the mRNA levels of NLRP3 and IL-1β but not TNFα and IL-18, and Cas-1 in the SNc of LPS treated mice as assessed via qRT-PCR analysis (Fig. 12 (e-i) ). Next, we determined whether DAS directly affected the activation of c-Abl and PKCδ. Western blot analysis revealed that DAS attenuated LPS-induced hyperphosphorylation of c-Abl kinase at Tyr245 and Ty412 residues and its downstream substrate PKCδ (pY311) (Fig. 13(a) ). Next, we assessed whether DAS affected ALS markers in LPS treated mice. As expected, in LPS-treated mice, increased protein expression of beclin1 was accompanied by down regulation of TFEB consistent with ALS dysfunction ( Fig. 13(b) ). These changes in ALS markers were Fig. 9 Dasatinib inhibits Rotenone-induced NF-κB activation in LPSprimed BV2 cells. (a, b) Rotenone augments LPS-induced p65 translocation to the nucleus. Representative immunoblots reveal time course changes for p65 and phospho IκB. (a) Immunobloting analysis were performed in BV2 cells that were primed with LPS for 10 and 20 min and subsequently treated with or without rotenone for 3 and 6 h. Subcellular fractionation studies were carried out and cytoplasmic and nuclear fractions were immunoblotted for p65. The blots were further probed with lamin B and tubulin, respectively, for determining equal loading and to confirm the purity of nuclear and cytosolic fractions. Densitometric scanning analysis depicted below. The relative p65 was normalized to lamin B or tubulin. Data presented is representative of at least 3 independent experiments. Values are converted to % control and expressed as mean ± S.E.M. (b) BV2 cells were stimulated as described in 9(A). At the end of the treatment period, whole cell lysate was immunoblotted for p-IκB and β actin. The relative p-IκB and was normalized to β actin. The % control values are expressed as mean ± S.E.M. *p < 0.05, **p < 0.01 and ***p < 0.001 vs control group, whereas # p < 0.05 denotes significance between time-matched ROT and LPSprimed ROT groups; n.s.: not significant. (c, d) DAS attenuates nuclear translocation of p65 and phosphorylation of IκB in LPS-primed ROTstimulated BV2 cells. BV2 cells were pretreated with DAS (100 nM, 1 h) followed by treatment with LPS (1 μg/ml, 20 min) and ROT (0.5 μM, 6 h). Western blot analysis following fractionation of cellular extracts and whole cell lysates from microglial cells showed that DAS pretreatment attenuated nuclear translocation of p65 (c) and p-IκB levels (d) in LPSprimed ROT-stimulated cells. The normalized band intensity for each treatment group is represented as mean ± S.E.M. *p < 0.05, **p < 0.01 and ***p < 0.001 vs control group; a p < 0.05 represents significant difference between ROT and LPS-primed ROT treatment groups; whereas # p < 0.05 and # # p < 0.01 denotes significance between LPS-primed ROT treated groups with and without DAS. (e) DAS attenuates excessive nuclear translocation of p65 in LPS primed ROT stimulated microglia. Representative immunofluorescence images showing cellular localization of p65. Immunohistochemical staining was performed using an antibody against p65 (red) subunit of NF-κB while nucleus was counterstained with Hoechst stain (Blue). Nuclear localization was determined in 3-4 random fields per slide. These results are representative of at least 3 independent experiments. Scale bar =100 μm also significantly ameliorated by DAS. Taken together these data suggest that the anti-inflammatory effects of DAS, might at least in part mediated via attenuation of redox sensitive kinases and restoration of the ALS function in LPS treated mice.
Discussion
Herein we demonstrate that c-Abl may have a potential regulatory role in the modulation of NLRP3 related markers in the LPS and ROT-stimulated microglia and in an in vivo LPS Hoechst Merge e model of neuroinflammation. Upon LPS priming and subsequent stimulation of microglia by ROT a dramatic increase in c-Abl levels, mitochondrial dysfunction, maturation and secretion of NLRP3 inflammasome related markers, NF-κB activation, trafficking of NLRP3 to the mitochondria, and ALS dysfunction as compared with LPS or ROT-treated cells were evidenced. Additionally, NLRP3 was significantly increased in the supernatant of microglia primed with LPS and stimulated with ROT, the role of altered plasma membrane permeability in the mechanism of NLRP3 release into the extracellular media cannot be entirely ruled out. Similarly, acceleration of NLRP3 inflammasome activation and ALS dysfunction was evidenced in LPS-primed ROT-stimulated primary microglial cells. Furthermore, antioxidant mitoTEMPO reduced activation of NLRP3, c-Abl, PKCδ as well as ROS generation in LPS-primed ROTstimulated BV2 microglial cells. Intriguingly, DAS, a tyrosine kinase inhibitor, was found to inhibit NLRP3 inflammasome activation. Subsequent mechanistic studies revealed that DAS mitigated the activation of c-Abl induced by LPS and ROT. Moreover, the antiinflammatory effects of DAS on LPS/ROT-stimulated microglial activation was found to be mediated in part via inhibition of mitochondrial dysfunction, ROS generation, mitochondrial trafficking of NLRP3, NF-κB activation and ALS impairment, further confirming the multi-target directed effects of DAS. However, the lack of selectivity and off target effects of these compounds prompted us to further investigate the role of c-Abl in the exacerbation of proinflammatory signaling cascade in LPS-primed ROT-stimulated microglial cells using c-Abl specific siRNA. Our studies revealed the novel signaling events linking c-Abl to NLRP3 inflammasome activation in microglial cells. Our in vivo studies validated the in vitro findings, whereby in a neuroinflammation LPS model of PD a positive association was evidenced between microglial activation, NLRP3 upregulation and c-Abl activation. Moreover, we found that the administration of DAS resulted in reduced sickness behavior and improved motor function in correlation with its anti-inflammatory effects in LPS treated mice.
The results are, to the best of our knowledge, the first Fig. 5(a) . Post treatment, whole cell lysate was collected and immunoblotted for the autophagy related markers: LC3B, Beclin1 (c). β actin was used as loading control. LC3B and beclin1 levels were increased in LPS and ROT stimulated cells whereas these markers were further increased by LPS priming. DAS pretreatment caused a near complete abrogation of LC3B and beclin1 levels in cells stimulated with LPS and ROT. The densitometric analysis of band intensity for each treatment group normalized to the respective β actin and plotted on histogram as average of 3 independent experiments and represented as mean ± S.E.M. *p < 0.05, **p < 0.01 and ***p < 0.001 versus control; Fig. 5(a) . Post treatment, BV2 cells were stained with acridine orange for the determination of lysosomal integrity. ROT-induced loss of lysosomal membrane permeability was exaggerated by LPS priming. DAS pretreatment attenuated ROT induced loss of LMP in LPS primed BV2 microglial cells. Original magnification X40. The representative image from each treatment group is shown; n = 3 coverslip pretreatment group and representative of two independent experiments. (e) Immunoblot analysis of whole cell lysates for lysosomal biogenesis marker (TFEB) and β actin. BV2 microglial cells were primed with LPS (1 μg/ ml) for 3 h followed by ROT (0.5 μM) for 3 and 6 h. DAS (100 nM, 1 h) pretreatment was performed to analyze the role of c-Abl. Panel below represent the densitometric analysis of TFEB normalized to β actin and presented as % of control. ROT causes dramatic reduction in TFEB level at 6 h in LPSprimed BV2 cells, which was significantly recovered by DSA pre-exposure. The values are plotted as mean ± S.E.M. of at least 4 experiments. *p < 0.05, **p < 0.01 and ***p < 0.001 versus control; a p < 0.05 versus time-matched ROT group; while # p < 0.05 denotes significance between LPS-primed ROT (6 h) treated groups with and without DAS. (f) Primary microglia were treated as described in Fig. 6(f) . The numbers of LC3B positive puncta were quantified. The bar graph depicts the intensity of the puncta per cell. Experiment was performed with n = 3 coverslips per treatment group of at least two independent replicates. *p < 0.05 and ***p < 0.001 vs control, a a p < 0.01 vs ROT and # p < 0.05 vs LPS-primed ROT-treated group. (g) Effect of c-Abl knock down on ROT-induced ALS dysfunction in LPS-primed primary microglia. After transfection of mouse primary microglial cells with scrambled or c-Abl specific siRNA for 48 h then cells were subjected to the same treatment conditions as described in Fig. 7(d) . Efficient c-Abl depletion was achieved in all microglia culture. Immunoblot analysis for expression of LC3B, p62, Beclin1 and TFEB were performed in lysates of cells transfected with scrambled or c-Abl specific siRNA. Reduced levels of ALS markers were evidenced in c-Abl siRNA transfected microglia as compared with scrambled siRNA transfected cells that were sequentially treated with LPS and ROT. The bar graphs depict the densitometric scanning analysis of the immunoblot bands. The relative ALS marker levels were normalized to β actin. Data presented is representative of at least 4 independent experiments. The % control values are expressed as means ± S.E.M. ***p < 0.001 versus scrambled control, while Band Intensity (% Control)
Beclin1 ( Here we provide direct experimental evidence that the continued presence of the initial triggers (e.g., LPS) was not required for persistent microglial activation and that the persistent ROS originating from defective mitochondria with disrupted mitochondrial ETC in the presence of ROT was sufficient to amplify the NLRP3 inflammasome activation in LPSprimed ROT-stimulated microglial cells. The ubiquitously expressed c-Abl is activated in response to diverse stimuli including growth factors, cell adhesion, oxidative stress and DNA damage (for a review see (Gonfloni et al. 2012) ). Multiple lines of evidence document a role for cAbl in oxidative stress-induced neuronal injury and high levels have been evidenced in postmortem PD brains (Ko et al. 2010; Brahmachari et al. 2016) . For example, a recent report has demonstrated a role for c-Abl in oxidative stressinduced neuronal cell death via Cdk5/GSK3b activation and tau hyperphosphorylation (Cancino et al. 2008) . Treatment with STI571, a c-Abl kinase inhibitor, was found to decrease Cdk5 activation and Tau phosphorylation leading to the abrogation of neuronal cell death (Cancino et al. 2008) . Moreover, other studies have focused on understanding the role of c-Abl in dopaminergic neuronal cell death. Despite this, only scant evidence is available regarding the regulatory effects of c-Abl in microglial activation response . Consistent with the pro-inflammatory effect of c-Abl in an experimental model of AD (Schlatterer et al. 2011b ), herein we show that an exaggerated c-Abl activation positively correlated with an accentuated NLRP3 inflammasome activation in microglial cells that were sequentially stimulated with LPS and ROT. Conversely, DAS pretreatment not only inhibited cAbl activation but also NLRP3 inflammasome activation as indicated by the inhibition of caspase-1 activity and resultant IL-1β and IL-18 secretion from these cells. In accordance with the DAS results, siRNA mediated knockdown of c-Abl showed a marked reduction in the expression levels of NLRP3 inflammasome related markers in BV2 cells (Fig. 7(b, c) ) and primary microglial cells (Fig. 7(e, f) ) sequentially treated with LPS and ROT. This study demonstrated, for the first time, that c-Abl is a critical determinant of NLRP3 inflammasome activation. Moreover, the extracellular release of NLRP3 alongside its activation might serve an additional regulatory role for the amplification of microglial proinflammatory response (Baroja-Mazo et al. 2014 ). Thus, a combination of brain inflammation and agrochemicals exposure may trigger or promote dopaminergic neurodegeneration (Gao et al. 2003) . Indeed, in the present study we demonstrate that sequential stimulation of mixed neuro-glia culture with LPS and ROT leads to c-Abl activation and accompanying loss of TH positive neurons (Fig. 11) , which may be probably mediated via enhanced oxidative stress and heightened microglial activation response. Thus, c-Abl-mediated activation of microglia may increase the susceptibility of dopaminergic neurons to cell death owing to increased susceptibility to oxidative stress.
The PKCδ signaling axis has been shown to regulate the release of proinflammatory mediators in murine microglial cells (Wen et al. 2011b ). Previously we and others have reported that PKCδ signaling axis as one of the key factors in conferring susceptibility to proinflammatory stimuli (Wen et al. 2011b; Gordon et al. 2016) . In this context, genetic ablation of PKCδ not only attenuated microglial activation response but also nigrostriatal dopaminergic neurotoxicity highlighting the pivotal role of redox sensitive kinase in microglial activation in response to diverse inflammagens. Here we demonstrate pronounced activation of redox sensitive kinase PKCδ in response to ROT stimulation in LPS-primed microglia as compared with LPS or ROT treated microglial cells. Collectively, these results suggest that interaction between c-Abl and PKCδ might at least in part contribute to the potentiation of the oxidative stress response and resultant exaggerated NLRP3 inflammasome activation in microglial cells sequentially exposed to LPS and ROT.
High levels of NF-κB activity have been identified in PD brains and anti-inflammatory agents have been shown to elicits their protective effects via inhibition of NF-κB signaling events (Ghosh et al. 2007 ). In fact, ROT has been shown to induce microglial activation via the NF-κB in a MAPK pathway dependent manner leading to increased generation of inflammatory cytokines in BV2 microglia (Gao et al. 2013) . Consistent with this report, stimulation of BV2 microglial cells with LPS and ROT-induced a rapid accentuation of NF-κB activity as compared with control cells. NF-κB plays a key role in the regulation of transcription of several genes involved in the induction of an inflammatory response (Tak and Firestein 2001; Wu et al. 2014) . Consistent with these reports, we observed an exacerbation of gene transcription as well as protein expression of proinflammatory mediators including NLRP3, IL-1β, IL-18 and NOS2 in BV2 demonstrated that NF-κB, transcription factor promotes NLRP3 priming consequently leading to NLRP3 inflammasome assembly formation (Bauernfeind et al. 2009 ). The finding that microglial NLRP3 mRNA was sensitized to ROT following LPS priming further supports the involvement of this pathway in mitochondrial stress-induced exacerbation of proinflammatory priming. Also, c-Abl has been shown to be involved in doxorubicin induced NF-κB activation and imantinib, a c-Abl kinase inhibitor, treatment was found to attenuate its activation in breast cancer cells (Esparza-Lopez et al. 2013) . In accordance with these findings, DAS not only inhibited NF-κB activity but also diminished mRNA and protein levels of iNOS and secretion of IL-1β and IL-18. Together, these data provide novel evidence that LPS priming and subsequent stimulation with ROT may accentuate proinflammatory signaling cascade presumably via c-Abl-mediated NF-κB-dependent NLRP3 inflammasome priming and subsequent activation. Thus, our studies raise the possibility that DAS may dampen the heightened microglial activation by interfering with both step-1 (NF-κB activation) and step-2 (NLRP3 activation) in the cascade of events leading to NLRP3 inflammasome activation. Defective autophagy has been implicated in neurodegenerative diseases including PD and AD (Kesidou et al. 2013) . In this context, we recently demonstrated that methamphetamine (MA) induced dopaminergic neurotoxicity may be linked to concomitant impairment in mitochondrial function and autophagic flux (Kanthasamy et al. 2006; Lin et al. 2012) . Additionally, recent reports implicate aberrant activation of c-Abl in the impaired autophagic clearance of α-synuclein and subsequent induction of dopaminergic neurotoxicity (Hebron et al. 2013a, b) . Pharmacological inhibition of cAbl was found to promote autophagic clearance of α-synuclein and nigral dopaminergic neuron survival (Hebron et al. 2013a, b) . In this study, we provide evidence that LPS priming amplifies ROT-induced ALS impairment. Most importantly, our data demonstrates an exaggerated accumulation of autophagic markers and lysosomal dysfunction with a concomitant down regulation of TFEB, a master regulator of lysosomal biogenesis. Our data showing accumulation of autophagic markers is consistent with reports in PC-12 neuronal cells exposed to ROT (Wu et al. 2015) . The loss of TFEB function has been shown to cause lysosomal dysfunction in several experimental models of neurodegenerative disease, which has been attributed to the accumulation of toxic aggregates originating from impaired lysosomal degradative machinery (Tsunemi et al. 2012; Cortes et al. 2014; Siddiqui et al. 2015) . We were also able to demonstrate that DAS effectively restored the function of ALS in LPS-primed ROTstimulated BV2 cells. Likewise, the knock down of c-Abl protein by siRNA elicited a similar response in primary microglial cells exposed to LPS and ROT. Emerging evidence implicates autophagy as a negative regulator of NLRP3 inflammasome (Nakahira et al. 2011; Zhou et al. 2011) . Additionally, activation of autophagy by inflammatory signals has been shown to limit IL-1β production by targeting ubiquitinated inflammasomes for degradation thereby eliminating active inflammasomes (Shi et al. 2012) . Given that cAbl inhibits Parkin, a ubiquitin E3 ligase, and impairs autophagic clearance mechanisms (Ko et al. 2010) , it is plausible that undegraded NLRP3 owing to impaired autolyosomal clearance mechanism may have contributed to the excessive inflammatory response evidenced in LPS/ROT-stimulated cells. Alternatively, it is plausible that exaggerated mitochondrial ROS levels originating from undegraded damaged mitochondria might have contributed to lysosomal permeability (LMP), thereby leading to the disruption of lysosomal clearance of AVs and eventually to the enhancement of NLRP3 inflammasome activation. Our studies support an integral role for c-Abl in the impairment of lysosome-mediated autophagic clearance which in turn, may, at least in part, contribute to heightened proinflammatory outcomes. Further studies are required to elucidate the relevance of disruption of mitophagy in the activation of NLRP3 inflammasome.
Inhibition of c-Abl activity via a myriad of pharmacological inhibitors have been shown to be neuroprotective in animal models of PD and AD (Cancino et al. 2008; Schlatterer et al. 2011a; Karuppagounder et al. 2014; Mahul-Mellier et al. 2014; Estrada et al. 2016) . Dasatinib is an FDA approved drug for the treatment in cases of chronic phase Philadelphia chromosome-positive chronic myelogenous leukemia (CP-CML) (Brave et al. 2008) . Moreover, it has been shown to Fig. 12 The anti-inflammatory effects of dasatinib on LPS-induced sickness behavior and expression of proinflammatory markers in the substantia nigra. The mice were administered DAS (25 mg/kg) or vehicle, once daily via oral gavage for 30 days followed by a single IP injection of LPS (5 mg/kg) or vehicle. At the end of 6 h following LPS treatment mice were assessed for locomotor activities using the VersaMax analyzer. (a) total vertical activity, (b) total horizontal movement and (c) total distance travelled were quantified LPS-administered mice exhibited sickness behavior consistent with endotoxemia in comparison DAS-pretreated LPS injected mice exhibited normal behavior comparable to saline treated animals. (d) Mice were also tested for motor performance on a rotarod. The latency to fall off the rotarod was increased in DAS-pretreated LPS injected mice. Data are expressed as the mean ± S.E.M. from 3 to 4 mice. The data is representative of at least three independent experiments. **p < 0.01 and ****p < 0.0001 compared with saline-treated control group; cross the blood-brain barrier (Porkka et al. 2008; Katsumata et al. 2012) . Based on our in vitro data that c-Abl-mediated microglial activation may serve as a significant source of inflammatory mediators, we next sought to confirm and extend our findings in vivo. Our results demonstrate that DAS suppresses NLRP3 inflammasome activation, microglial activation and ALS dysfunction in LPS treated mice (Figs. 12, and 13) . Consistent with our previous report (Gordon et al. 2016 here we show that systemic LPS challenge can induce CNS IL-1β synthesis and sickness behavior concomitant with a central inflammatory response. A novel finding of this study is DAS mediated improvement in exploratory behavior in LPS-administered mice might be partly attributed to the amelioration of c-Abl dependent proinflammatory signaling cascade involving the NLRP3 inflammasome activation and associated ALS dysfunction. Although, the role of Src kinases cannot be excluded here. Together, the emerging picture demonstrates that c-Abl mediated regulation of NLRP3 inflammasome activity is multifaceted. DAS appears to inhibit NLRP3 inflammasome but does this by inhibiting c-Abl and downstream proinflammatory signaling cascade, which may be attributed to the inhibition of oxidative stress response that may be conducive for microglial activation. Further studies are needed to elucidate whether differential regulation of target cells might contribute to the anti-inflammatory effects of DAS in the LPS neuroinflammation model of PD.
Our current results demonstrate, for the first time, that aberrant c-Abl kinase activation may be linked to the amplification of NLRP3 inflammasome activation, mediated in part via mitochondria-derived ROS and presumably ALS dysfunction, in microglial cells exposed to LPS and ROT sequentially. Our data also provide novel evidence highlighting the multifacted anti-inflammatory effects of DAS. Notably, DAS administration attenuated both pro-inflammatory response in the brain and sickness behavior in LPS treated mice. Since the innate immune system has to recognize diverse damage associated molecular patterns (DAMPs) and pattern associated molecular patterns (PAMPs), our results suggest that c-Abl may serve as a pivotal oxidative stress sensor for NLRP3 inflammasome activation as well as anomalous protein aggregation mechanisms. c-Abl appears to be an attractive target because it impacts mutliple mechanims including ALS and inflammatory mechanisms that are implicated in the pathogenesis of PD. Thus, c-Abl has potential therapeutic implications in the treatment of inflammation related disorders including PD. Fig. 13 The therapeutic effect of DAS in ameliorating activation of redox sensitive kinases and ALS markers in the LPS treated mice. DAS suppresses LPS-induced upregulation of redox sensitive kinases and ALS dysfunction in the SNpc. Mice were treated as indicated in Fig. 12. (a) Representative immunoblot images showing relative levels of c-Abl and phospho-c-Abl (Y245 and Y412) in the SN of mice at 6 h post LPS treatment. Densitometric scanning analysis revealed that LPS treatment caused hyperphosphorylation of c-Abl tyosine kinase at both activation sites (Y245 and Y412), which was blocked significantly by DAS pretreatment. Similarly, a marked increase in phosphorylation of PKCδ at Y311 residue was evidenced in LPS treated mice while DAS pretreated mice demonstrated a significant reduction in the phosphorylation of PKCδ. Levels of β actin was used an internal loading control. The p-cAbl and p-PKCδ band intensity were normalized to c-Abl and PKCδ, respectively, and c-Abl and PKCδ were normalized to β actin. Data expressed as the mean ± S.E.M. (N = 3-4) of % control. *p < 0.05 and **p < 0.01 versus saline-treated control group; # p < 0.05 versus LPS group. (b) DAS protects against LPS-induced ALS dysfunction by decreasing beclin-1 levels and increasing TFEB levels in the substantia nigra of LPS treated mice. Whole cell lysates were prepared from the SNpc and immunoblotted for beclin-1 and TFEB. Densitometric scanning reveals DAS significantly (p < 0.05) ameliorated ALS dysfunction. The bands were normalized to β actin. Data represented as the mean ± S.E.M. (N = 3-4). **p < 0.01 versus saline-treated control group; # p < 0.05 versus LPS group
